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Effects of a single intratracheal administration
of phenanthraquinone on murine lung
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ABSTRACT: Although several studies have reported that diesel exhaust particles (DEP) affect cardiorespiratory health
in animals and humans, the responsible components in DEP for the effects remain to be defined. Diesel exhaust particles
contain quinones that can catalyse the generation of reactive oxygen species, resulting in the induction of oxidative stress.
Oxidative stress can correlate with a variety of diseases and health effects. In the present study, we investigated the
effects of phenanthraquinone — a relatively abundant quinone in DEP — on lung inflammation and the local expression
of cytokine proteins in mice as a measure of oxidative damage. The animals were randomized into two experimental
groups that received vehicle or phenanthraquinone by intratracheal instillation. The cellular profiles of bronchoalveolar
lavage fluid (BALF) and local expression of cytokines were evaluated 24 and 48 h after the instillation. Phenanthraquinone
challenge revealed an increase in the numbers of neutrophils and eosinophils in BALF as compared to vehicle challenge
(P < 0.05 at 48 h post-instillation). Phenanthraquinone induced the lung expression of interleukin (IL)-5 and eotaxin 48 h
and 24 h after the challenge, respectively. These results indicate that intratracheal exposure to phenanthraquinone induces
recruitment of inflammatory cells, at least partly, through the local expression of IL-5 and eotaxin. Copyright © 2005 John

Wiley & Sons, Ltd.
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Introduction

Diesel exhaust particles (DEP) are major contributors to
the atmospheric particulate air pollution in metropolitan
areas. They have been correlated with lung cancer,
pulmonary fibrosis, chronic alveolitis (McClellan, 1987),
oedematous changes (Ichinose et al., 1995), and airway
inflammation with hyperresponsiveness (Sagai et al.,
1996). Previously, we have reported the enhancing effects
of DEP on allergic asthma in murine models (Takano
et al., 1997, 1998) . We have shown also that DEP
enhance neutrophilic lung inflammation related to
endotoxin (Takano et al., 2002).

Diesel exhaust particles consist of carbonaceous
nuclei and a vast number of organic compounds such as
polyaromatic hydrocarbons, aliphatic hydrocarbons,
heterocycles and quinones. Recently, we have shown that
intratracheal instillation with residual carbonaceous nuclei
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of DEP after extraction with dichloromethane rather than
the organic chemicals in DEP enhances the neutrophilic
lung inflammation related to endotoxin (Yanagisawa
et al., 2003). On the other hand, previous in vitro studies
have indicated that exposure of macrophages to organic
chemicals extracted from DEP results in induction of
apoptosis (Hiura ef al., 1999) and increases gene expres-
sion of the oxidative stress-inducible protein haeme
oxygenase-1 (Li et al., 2000). Organic chemicals in DEP
also can affect inflammatory effector cells, including
neutrophils, eosinophils and macrophages (Terada et al.,
1997; Yang et al., 1997; Kanemitsu et al., 1998), and
trigger the release of proinflammatory molecules such as
interleukin (IL)-1, IL-8 and tumour necrosis factor
(TNF)-¢, which are regulated on activation and normal
T cells are expressed and secreted in vitro (Yang et al.,
1997; Fahy et al., 1999). However, the components of
DEP responsible for its effects on the respiratory system
remain to be defined, especially in vivo.

Previously, a variety of quinones have been identified
as DEP components (Schuetzle et al., 1981; Schuetzle,
1983; Cho et al., 2004). Quinones have toxicological
properties to serve as alkylating agents and to interact
with, for example, flavoproteins to generate reactive
oxygen species (ROS), which can induce biological
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Figure 1. Structure of phenanthraquinone

injury (O’Brien, 1991; Monks et al., 1992; Bolton
et al., 2000). Among them, phenanthraquinone (Fig. 1)
is recognized as a relatively abundant quinone in DEP
(Schuetzle, 1983). Phenanthraquinone has a potential to
act as a redox cycling quinone, generating thiol oxidants
such as hydrogen peroxide. Indeed, we have demon-
strated the role of phenanthraquinone in oxidative stress
in vitro (Kumagai et al., 2002). On the other hand, our
laboratory has demonstrated previously that DEP can
induce lung injury through the enhanced formation of
oxidative stress (Lim et al., 1998; Sanbongi et al., 2003),
suggesting that phenanthraquinone may induce lung
injury.

In the present study, we explored the effects of a
single intratracheal administration of phenanthraquinone
on the respiratory system in vivo. We also determined the
effects of phenanthraquinone on the lung expression of
cytokines and chemokines.

Materials and Methods
Animals and Study Protocol

The studies reported were carried out in accordance with
the Declaration of Helsinki and with the Guide for the
Care and Use of Laboratory Animals as adopted and
promulgated by the US National Institutes of Health. All
animal studies were approved by the Institutional Review
Board. Male ICR mice (6 weeks old, 29-33 g) were
purchased from Japan Clea Co. (Tokyo, Japan) and
fed a commercial diet (Japan Clea Co.) and water ad
libitum. The mice were housed in an animal facility
that was maintained at 24-26 °C with 55-75% humidity
and a 14/10 h light/dark cycle as described previously
(Takano et al., 1997). Mice were treated with vehicle or
phenanthraquinone (Sigma Chemical Co., St Louis, MO).
The vehicle group received intratracheally 100 ul of
phosphate-buffered saline (PBS) at pH 7.4 (GIBCO BRL,
Life Technology, Grand Island, NY) containing 0.05%
Tween 80 (Nacalai Tesque, Kyoto, Japan) and 4%
dimethyl sulphoxide (DMSO). The phenanthraquinone
group received 1 g per mouse of phenanthraquinone
dissolved in 100 ul of the same vehicle. Intratracheal
inoculation was conducted using a polyethylene tube
under anaesthesia with 4% halothane (Hoechst Japan,
Tokyo, Japan), as described previously (Takano er al.,
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1997, 2000). All mice were killed by deep anaesthesia
using diethyl ether 24 or 48 h after the instillation.

Bronchoalveolar Lavage

The trachea was cannulated after exsanguination. The
lungs were lavaged with 1.2 ml of sterile saline at 37 °C,
instilled bilaterally by syringe. The bronchoalveolar
lavaged fluid (BALF) was harvested by gentle aspiration.
This procedure was conducted two more times. The
average volume retrieved was 90% of the 3.6 ml that
was instilled; the amounts did not differ by treatment.
The fluid collections were combined and cooled to 4 °C.
The BALF was centrifuged at 1200 g for 10 min and
the total cell count was determined on a fresh fluid speci-
men using a haemocytometer. Differential cell counts
were assessed on cytological preparations. Slides were
prepared using a Cytospin (Tomy Seiko, Tokyo, Japan)
and were stained with Diff-Quik (International Reagents
Co., Kobe, Japan). A total of 500 cells were counted
under oil immersion microscopy (n = 5 in each group).

Quantitation of Cytokines in Lung tissue
Supernatants

In a separate series of experiments, animals were
exsanguinated and the lungs were subsequently homo-
genized with 10 mM potassium phosphate buffer
(pH 7.4) containing 0.1 mM ethylenediaminetetraacetic
acid (Sigma Chemical Co.), 0.1 mM phenylmethane-
sulphonyl fluoride (Nacalai Tesque), 1 UM pepstatin A
(Peptide Institute, Osaka, Japan) and 2 uM leupeptin
(Peptide Institute), as described previously (Takano et al.,
2002). The homogenates were then centrifuged at
105000 g for 1h. The supernatants were stored at
—80 °C. Enzyme-linked immunosorbent assays (ELISA)
for IL-4 (Endogen, Cambridge, MA), IL-5 (R&D Sys-
tems, Minneapolis, MN) and eotaxin (R&D Systems)
in the lung tissue supernatants were conducted using
matching antibody pairs according to the manufacturer’s
instruction (7 = 5 in each group). The second antibodies
were conjugated to horseradish peroxidase. Subtractive
readings of 550 nm from the readings at 450 nm were
converted to pg ml™ using values obtained from standard
curves generated with limits of detection of 3, 1.5, and
2 pg ml™, respectively.

Statistical Analysis
Data were reported as the mean = SEM. Differences
among groups were determined using analysis of variance

(Stat View, version 4.0; Abacus Concepts, Inc., Berkeley,
CA) as described previously (Takano et al., 1997).
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Figure 2. Alterations in the numbers of macrophages (A), neutrophils (B) and eosinophils (C) in bronchoalveolar
lavage fluid (BALF) following a single intratracheal administration of phenanthraquinone (1 ug per mouse) in mice.
Twenty-four hours and fourty-eight hours after the intratracheal administration of vehicle or phenanthraquinone,
lungs were lavaged for the analysis of BALF. Differential cell counts were assessed on cytological preparations
stained with Diff-Quik. White bar: vehicle treatment. Black bar: phenanthraquinone treatment. Results are means

+ SEM (n = 5); * P < 0.05 versus vehicle-treated mice

S = N W AU

pg/total lung supernatants

24 48

70
60
50
40
30|
20|
10}

T
*

24

Time after injection (hour)

Figure 3. Protein levels of interleukin IL-5 (A) and eotaxin (B) in the lung tissue supernatants after challenge with
phenanthraquinone. Lungs from mice were obtained 24 and 48 h after the administration of vehicle or
phenanthraquinone. The IL-5 (A) and eotaxin (B) levels in the lung tissue supernatants were measured by enzyme-
linked immunosorbent assays. White bar: vehicle treatment. Black bar: phenanthraquinone treatment. Results are
means = SEM (n = 5); * P < 0.05 versus vehicle-treated mice; ** P < 0.01 versus vehicle-treated mice

Results

To determine the effects of phenanthraquinone on the
respiratory systems, we investigated the cellular profile of
BALF 24 h and 48 h after the intratracheal instillation
with vehicle or phenanthraquinone (1 pg per mouse). As
shown in Fig. 2A, phenanthraquinone did not change the
number of macrophages in BALF at either 24 h or 48 h
after the intratracheal challenge. Phenanthraquinone also
did not induce a significant increase in the numbers
of neutrophils and eosinophils 24 h after the challenge
(Figs. 2B and 2C). However, phenanthraquinone caused
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an increase in the numbers of neutrophils and eosinophils
in BALF 48 h after the challenge as compared to vehicle
(Figs. 2B and C).

To investigate the effects of phenanthraquinone on the
lung expression of proinflammatory cytokines and
chemokines, we compared the protein levels of IL-4, IL-
5 and eotaxin in the lung tissue supernatants among the
experimental groups 24 and 48 h after the intratracheal
instillation. Treatment with phenanthraquinone signific-
antly elevated the expression of IL-5 at 48 h (P < 0.01 vs
vehicle treatment: Fig. 3A) and eotaxin at 24 h (P < 0.05
vs vehicle treatment: Fig. 3B). On the other hand, the
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lung expression of IL-4 did not show a significant change
between the vehicle and phenanthraquinone groups (data
not shown).

Discussion

The present study has shown that a single intratracheal
exposure to phenanthraquinone causes the recruitment of
inflammatory cells such as neutrophils and eosinophils to
the murine airways. Phenanthraquinone enhances the lung
expression of IL-5 and eotaxin.

We have demonstrated previously that DEP can
cause respiratory effects, including oedematous changes
(Ichinose et al., 1995), carcinogenesis (Ichinose et al.,
1997), airway inflammation with hyperresponsiveness
(Sagai et al., 1996) and enhancement of both allergic
lung inflammation (Takano et al., 1997, 1998) and
neutrophilic lung inflammation (Takano er al., 2002)
in vivo. However, responsible components of DEP for the
enhancement remain to be determined, especially in vivo.

Quinones are considered to be toxicologically import-
ant components of air pollution. They have been found in
ambient particulate matter (Fraser et al., 2003; Cho et al.,
2004), automotive exhaust emissions (Schuetzle et al.,
1981) and wood smoke particles (Fine et al., 2001).
Quinones have potent nephrotoxicities, neurotoxicities
and carcinogenicities (Monks and Lau, 1992), and cause
mitochondrial dysfunction (Henry and Wallace, 1996).
Some quinones can generate ROS, including superoxide,
hydrogen peroxide and ultimately hydroxyl radical,
resulting in cellular damage (Bolton er al., 2000).
Phenanthraquinone is one of the quinones found at sig-
nificant concentrations in DEP (Schuetzle, 1983; Cho
et al., 2004). Furthermore, we have shown previously
that phenanthraquinone can induce the oxidation of
sulfhydryls via the production of ROS (Kumagai et al.,
2002). Based on these previous studies, we hypothesized
that phenanthraquinone may play a role in the toxicities
of DEP on respiratory systems. In the present study, we
first demonstrated that the single intratracheal instillation
with phenanthraquinone induced the recruitment of
inflammatory cells such as neutrophils and eosinophils
to the murine airways.

The mechanisms by which inflammatory cells are
mobilized to the airways are not presently defined. The
recruitment of eosinophils to the inflammatory sites is
a complex process that is regulated by a number of
cytokines such as IL-18, IL-4, IL-5, IL-12, granulocyte
macrophage colony-stimulating factor and TNF-¢, and
chemokines that include eotaxin (Broide and Sriramarao,
2001; Shakoory et al., 2004; Wong et al., 2004). Among
them, eotaxin and IL-5 appear to be more important
for the development of eosinophil recruitment. IL-5
mobilizes eosinophils from the bone marrow (Broide and
Sriramarao, 2001) and functions with eotaxin to regulate
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eosinophil homing and migration to sites of inflammation
(Collins et al., 1995). In the present study, intratracheal
administration of phenanthraquinone enhanced the
lung expression of IL-5 and eotaxin compared to that
of vehicle. These results indicate that the recruitment
of eosinophils to the murine airways induced by
phenanthraquinone may be mediated, at least partly, via
the lung expression of eotaxin and IL-5. We have
reported previously that DEP enhance lung expression of
proinflammatory cytokines and chemokines related to
antigen and bacterial endotoxin. Also, we have demon-
strated that DEP-induced lung inflammation is con-
comitant with the increase in nitric oxide syntheses
and the decrease in superoxide scavenger (Lim et al.,
1998). Furthermore, we have demonstrated recently
that DEP-induced lung inflammation is in parallel
with the formation of nitrotyrosine and 8-OHdG,
which are proper oxidative stress markers (Sanbongi
et al., 2003). Therefore, it may be hypothesized that
phenanthraquinoneinduced lung inflammation may be
mediated through the enhancement of oxidative stress.
Further studies are needed to clarify the hypothesis.

In conclusion, we have shown that the single
intratracheal exposure to phenanthraquinone causes the
recruitment of inflammatory cells such as neutrophils
and eosinophils to the murine airways and enhances the
lung expression of IL-5 and eotaxin. Our results indicate
that exposure to phenanthraquinone may elicit lung
inflammation and may play a role, at least partly, in the
pathogenesis of pulmonary toxicities of DEP in vivo.

Acknowledgements—This work was supported in part by Grant-in-Aids
(15390184, 15659141) for scientific research from the Ministry of Edu-
cation, Science and Culture of Japan and by the Southern California
Particle Center and Supersite (SCPCS) founded by U. S. EPA (Star
award #R82735201).

References

Bolton JL, Trush MA, Penning TM, Dryhurst G, Monks TJ. 2000. Role
of quinones in toxicology. Chem. Res. Toxicol. 13: 135-160.

Broide D, Sriramarao P. 2001. Eosinophil trafficking to sites of
allergic inflammation. /mmunol. Rev. 179: 163-172.

Cho AK, Di Stefano E, Ying Y, Rodriguez CE, Schmitz DA,
Kumagai Y, Miguel AH, Eiguren-Fernandez A, Kobayashi T,
Avol E, Froines JR. 2004. Determination of four quinines in diesel
exhaust particles, SRM 1649a, and atmospheric PM, 5. Aerosol Sci.
Technol. 38: 68—81.

Collins PD, Marleau S, Griffiths-Johnson DA, Jose PJ, Williams TJ.
1995. Cooperation between interleukin-5 and the chemokine eotaxin
to induce eosinophil accumulation in vivo. J. Exp. Med. 182: 1169—
1174.

Fahy O, Tsicopoulos A, Hammad H, Pestel J, Tonnel AB, Wallaert B.
1999. Effects of diesel organic extracts on chemokine production by
peripheral blood mononuclear cells. J. Allergy Clin. Immunol. 103:
1115-1124.

Fine PM, Cass GR, Simoneit BR. 2001. Chemical characterization of
fine particle emissions from fireplace combustion of woods grown in
the northeastern United States. Environ. Sci. Technol. 35: 2665—2675.

Fraser MP, Cass GR, Simoneit BR. 2003. Air quality model evaluation
data for organics. 6. C3—C24 organic acids. Environ. Sci. Technol.
37: 446-453.

J. Appl. Toxicol. 2005; 25: 47-51



Henry TR, Wallace KB. 1996. Differential mechanisms of cell killing
by redox cycling and arylating quinones. Arch. Toxicol. 70: 482—489.

Hiura TS, Kaszubowski MP, Li N, Nel AE. 1999. Chemicals in diesel
exhaust particles generate reactive oxygen radicals and induce
apoptosis in macrophages. J. Immunol. 163: 5582-5591.

Ichinose T, Furuyama A, Sagai M. 1995. Biological effects of diesel
exhaust particles (DEP). II. Acute toxicity of DEP introduced into
lung by intratracheal instillation. Toxicology 99: 153—-67.

Ichinose T, Yajima Y, Nagashima M, Takenoshita S, Nagamachi Y,
Sagai M. 1997. Lung carcinogenesis and formation of 8-hydroxy-
deoxyguanosine in mice by diesel exhaust particles. Carcinogenesis
18: 185-192.

Kanemitsu H, Nagasawa S, Sagai M, Mori Y. 1998. Complement
activation by diesel exhaust particles (DEP). Biol. Pharm. Bull. 21:
129-132.

Kumagai Y, Koide S, Taguchi K, Endo A, Nakai Y, Yoshikawa T,
Shimojo N. 2002. Oxidation of proximal protein sulfhydryls by
phenanthraquinone, a component of diesel exhaust particles. Chem.
Res. Toxicol. 15: 483—489.

Li N, Venkatesan MI, Miguel A, Kaplan R, Gujuluva C, Alam J, Nel
A. 2000. Induction of heme oxygenase-1 expression in macrophages
by diesel exhaust particle chemicals and quinones via the antioxidant-
responsive element. J. Immunol. 165: 3393-3401.

Lim HB, Ichinose T, Miyabara Y, Takano H, Kumagai Y, Shimojyo N,
Devalia JL, Sagai M. 1998. Involvement of superoxide and nitric
oxide on airway inflammation and hyperresponsiveness induced by
diesel exhaust particles in mice. Free. Radic. Biol. Med. 25: 635—
644.

McClellan RO. 1987. Health effects of exposure to diesel exhaust
particles. Annu. Rev. Pharmacol. Toxicol. 27: 279-300.

Monks TJ, Lau SS. 1992. Toxicology of quinone-thioethers. Crit. Rev.
Toxicol. 22: 243-270.

Monks TJ, Hanzlik RP, Cohen GM, Ross D, Graham DG. 1992.
Quinone chemistry and toxicity. Toxicol. Appl. Pharmacol. 112: 2—
16.

O’Brien PJ. 1991. Molecular mechanisms of quinone cytotoxicity.
Chem. Biol. Interact. 80: 1-41.

Sagai M, Furuyama A, Ichinose T. 1996. Biological effects of diesel
exhaust particles (DEP). III. Pathogenesis of asthma like symptoms
in mice. Free. Rad. Biol. Med. 21: 199-209.

Copyright © 2005 John Wiley & Sons, Ltd.

PHENANTHRAQUINONE AND LUNG INFLAMMATION 51

Sanbongi C, Takano H, Osakabe N, Sasa N, Natsume M, Yanagisawa
R, Inoue K, Kato Y, Osawa T, Yoshikawa T. 2003. Rosmarinic acid
inhibits lung injury induced by diesel exhaust particles. Free. Rad.
Biol. Med. 34: 1060—1069.

Schuetzle D. 1983. Sampling of vehicle emissions for chemical ana-
lysis and biological testing. Environ. Health. Perspect. 47: 65-80.
Schuetzle D, Lee FS, Prater TJ. 1981. The identification of polynuclear
aromatic hydrocarbon (PAH) derivatives in mutagenic fractions of
diesel particulate extracts. Int. J. Environ. Anal. Chem. 9: 93-144.

Shakoory B, Fitzgerald SM, Lee SA, Chi DS, Krishnaswamy G. 2004.
The role of human mast cell-derived cytokines in eosinophil biology.
J. Interferon. Cytokine. Res. 24: 271-281.

Takano H, Ichinose T, Miyabara Y, Yoshikawa T, Sagai M. 1998.
Diesel exhaust particles enhance airway responsiveness following
allergen exposure in mice. Immunopharmacol. Immunotoxicol. 20:
329-336.

Takano H, Yoshikawa T, Ichinose T, Miyabara Y, Imaoka K, Sagai, M.
1997. Diesel exhaust particles enhance antigen-induced airway
inflammation and local cytokine expression in mice. Am. J. Respir.
Crit. Care. Med. 156: 36—42.

Takano H, Yanagisawa R, Ichinose T, Sadakane K, Yoshino S,
Yoshikawa T, Morita M. 2002. Diesel exhaust particles enhance
lung injury related to bacterial endotoxin through expression of
proinflammatory cytokines, chemokines, and intercellular adhesion
molecule-1. Am. J. Respir. Crit. Care. Med. 165: 1329-1335.

Terada N, Maesako K, Hiruma K, Hamano N, Houki G, Konno A,
Ikeda T, Sai M. 1997. Diesel exhaust particulates enhance eosinophil
adhesion to nasal epithelial cells and cause degranulation. /nt. Arch.
Allergy. Immunol. 114: 167-174.

Wong CK, Ip WK, Lam CW. 2004. Biochemical assessment of
intracellular signal transduction pathways in eosinophils: implications
for pharmacotherapy. Crit. Rev. Clin. Lab. Sci. 41: 79-113.

Yanagisawa R, Takano H, Inoue K, Ichinose T, Sadakane K, Yoshino
S, Yamaki K, Kumagai Y, Uchiyama K, Yoshikawa T, Morita M.
2003. Enhancement of acute lung injury related to bacterial endotoxin
by components of diesel exhaust particles. Thorax 58: 605-612.

Yang HM, Ma JY, Castranova V, Ma JK. 1997. Effects of diesel
exhaust particles on the release of interleukin-1 and tumor necrosis
factor-alpha from rat alveolar macrophages. Exp. Lung Res. 23: 269—
284.

J. Appl. Toxicol. 2005; 25: 47-51



